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In the  present  paper  experiments  are  described  in  which impaled  ttali- 
cystis ceils were exposed to sea waters of different pH under ordinary light- 
ing  conditions,  and  to  sea  water  of  normal  pH  under  different  lighting 
conditions. 
These experiments were carried out at the Bermuda Biological Station in 
the winter of 1936-37  on Halicystis  Osterhoutii,  Blinks and Blinks. 
EXPERIMENTAL 
In the pH experiments ceils, after a  preliminary exposure to sea water of normal 
pH (8.2) for 5 days, were exposed to sea waters of which the pH's were 7.0, 8.2  (control), 
and 9.2.  Each cell used was exposed successively to all three sea waters.  During the 
exposure the rate of increase in volume was determined by measurement of the rise of 
liquid in a tube of capillary bore on which the cell was impaled.  The method of doing 
this and the arrangement of the cells for this type of experiment has already been de- 
scribed. 1  In these experiments, as before, the bottles containing the cells were kept at 
17°C.  4-  I°C. by means of a  flow  of water from the Biological Station's circulating 
salt  water  system.  The experiments  were  carried  out in  a  dark basement  room in 
order to avoid to some extent alterations in the pH of the surrounding sea water due to 
photosynthesis. 
The pH of the sea water was adjusted to the neighborhood of 7.0 by adding small 
successive portions of 0.6 x~ HC1 with vigorous aeration between additions to blow out 
the excess CO2 formed.  In the case of the pH 9.2 sea water, some 0.6 ~s Na~CO8 was 
added with subsequent aeration.  The pH remains fairly constant at 7.0 if the sea water 
is kept in a pyrex bottle open to air.  But at the higher pH it tends to fall slowly due 
probably to the loss of CO3 ion in the form of magnesium and calcium carbonates. 
In contact with cells the pH of the low pH sea water tends to rise to that of the 
control, and the pH of the high pH sea water to fall oit to that of the control.  It is 
possible to hold the pH constant by adjusting the free CO~ concentration of the sea 
water but this step seems to us to be an undesirable one since free CO~ passes rapidly 
through the protoplasm while the ions do not  2 and the pH of the sap is disturbed serf- 
t Jacques, A. G., J. Gen. Physiol.,  1938-39, 22~ 147, 757. 
2 Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol.,  1929-30, IS, 695. 
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ously by this procedure.  In order to minimize the changes in the pH of the external 
solutions we renewed the sea water in contact with the cells frequently. 
In the light-dark experiments, three light conditions were employed: the dim light 
of a laboratory room; the outside light on a porch with a southern exposure, but shaded 
so as to avoid direct sunlight; and finally the darkness of a room suitable for use as a 
darkroom in developing all but the fastest emulsions  (there was a  very small leakage 
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FIo.  1.  Rate of increase of volume of sap  of impaled Halicystis  cells at  different 
pH's of the sea water.  Each curve represents the behavior of a  single cell.  In each 
case before the run started the cells had been seasoned in normal sea water for at least 
5 days after impalement.  Similar curves were obtained with other cells. 
of light around the door).  In the first case a Weston photronic foot-candle meter held 
near the cells gave a  response of 32 foot-candles.  In the second case on a cloudy day 
the response was 500 foot-candles and in the last case there was no response. 
In all cases each bottle of cells was immersed to the neck in a  tray through  which 
passed a brisk flow of water from the salt water circulating system.  Thus although the 
experiments were performed in three different parts of the Biological Station, the condi- A.  O.  JACQUES  43 
tions, except the lighting, were about the same.  Except in the darkroom  the lighting 
was normal; i.e., the natural succession of light and darkness. 
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FIG. 2.  Rate of increase of volume of sap of impaled Halicystis  ceils in light and 
darkness.  Each curve represents the behavior of a  single cdl.  The first part of the 
run in every case represents the behavior in dim light in the laboratory.  The applica- 
tion of other light conditions is indicated directly on the curves.  In each case before the 
run started the ceils were seasoned in normal sea water for at least 5 days after im- 
palement.  The curves have been drawn free-hand to give an approximate fit. 
As before, the rate of increase of volume of the sap was determined by  measuring 
with a micrometer caliper the rise of liquid in a capillary of known radius.  Then, 
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where h is the capillary rise.  On the basis of the previous experiments it was  assumed 
that the electrolyte entered the cell at the same rate as the water and this was  checked 
by determining the halide concentration of cells after exposure to different pH's and to 
different light conditions.  As anticipated there was little or no decrease in halide con- 
centration in any case. 
The results of some of the experiments have been plotted in Figs.  1 and 
2.  In each case we have plotted the increase in volume of the sap against 
time,  with  notations  at  the  points  where  pH  or  light  conditions  were 
changed.  With  the  assumption  that  entrance  takes place under "steady 
state"  conditions (i.e. with the mole fractions of water and electrolytes in 
the sap remaining unchanged) the curves also show the behavior of electro- 
lytes  .3 
DISCUSSION  OF :RESULTS 
Before proceeding to  discuss  the  results  already  obtained  we  shall  re- 
view briefly some  results previously obtained with impaled  cells.  It has 
been  found  with  both  Valonia  and  Halicystis  that  after  a  short  initial 
rapid increase immediately after impalement,  4 the rate of uptake of water 
and electrolyte becomes practically linear.  The rate is greater than in the 
intact  cell,  about  15  times  as great in  Valonia  and  10  times  as  great in 
Halicystls.  But  the  composition  of the  sap  (except for a  possible  slight 
decrease in total osmotic concentration to a  value approaching that of the 
sea water)  remains unchanged. 
It seems clear from experiments with impaled Halicystis cells in diluted 
sea waters  that  water moves much more rapidly through the protoplasm 
than does electrolyte: hence any increase in the osmotic pressure of the sap 
due to the entrance of electrolyte is quickly abolished by the cntrance of 
water. 
Now  we  suppose  that  all  ionic  species  found  in  the  sap  have  moved 
chiefly as molecules rather than as ions, in the non-aqueous protoplasmic 
3 We assume provisionally that not only does the total electrolyte concentration of 
the sap remain constant, but that the proportions of all ions in the sap  rem_ain un- 
changed.  In the experiments with impaled Valonia, the concentration of potassium, 
for example, according to available analyses did not decrease in the impaled cells,  and 
as the halide concentration also remained approximately constant it was assumed  that 
the sodium concentration had not changed.  In  the case of impaled Halicystis, only 
halide analyses are available but there is little reason to suppose that there would be 
any marked change in the sap composition. 
4 Provisionally we assume that water enters at a greater rate than  electrolyte, re- 
sulting in the adjustment of the osmotic pressure of the sap either nearer to or possi- 
bly to equality with that of the sea water. A.  O. JACQUES  45 
surface layers.  That is to say ionic movement in  the  protoplasmic  sur- 
face  is considered  to be negligibly small, and since the protoplasmic sur- 
face is  thin  we  can apply for the rate the equation 
~M] ~,, Duxa  {[MXxln,.  -- [MXl].~}  (1) 
"  Duxx{S,o~[MXII,o~- S,~[MX1]a~}  (2) 
here M  is any monovalent cation, such as Na, K, or NH,, and X, is either 
an organic anion derived from a  weak acid HX elaborated by the proto- 
plasm or an inorganic anion derived from the  sea water.  D ux*  is  a  per- 
meability constant analogous to the diffusion constant, S  is the partition 
coefficient,  cop and epo are a pair of adjacent regions in unstlrred layers of 
sea water and protoplasm respectively, where all species are in equilibrium 
across  the interface, the  distribution being  determined by  the partition 
coefficient S  (S  =  concentration in the non-aqueous protoplasmic surface 
layer  +  concentration in the adjoining aqueous phase); the subscripts o 
and i  refer to  the outside and inside protoplasmic surfaces respectively. 
In this derivation it is supposed for simplicity that MX1 is a single spe- 
cies; if several are involved, as may well be the case, the situation will be 
more complicated. 
Now we suppose that when the cell is impaled, for a  particular  set of 
conditions (lighting, temperature, pH of sea water, etc.), all the terms of 
equation (2)  remain reasonably constant and hence the rate of uptake of 
electrolyte is linear.  But in order to account for the slower rate of uptake 
in intact cells without any change in the sap concentration we have sug- 
gested that  the partition  and  diffusion coefficients in  such cells may be 
different.  After the cellulose wall has been stretched to the very limited 
extent possible, water cannot enter the cell until new cellulose is formed 
and the area of the cellulose wall is increased so as to inclose more space. 
This is  a  slow process.  Hence it  seems possible  that when the osmotic 
pressure of the sap increases through electrolyte entrance without the pos- 
sibility of water entering immediately, water may be withdrawn from the 
non-aqueous layers of the protoplasm, with the result that both the diffu- 
sion and partition coefficients decrease.  The net effect is to prevent the 
osmotic concentration of the sap from rising to a much greater value than 
that of the sea water. 
Let  us  now  consider  results  of the present  experiments with impaled 
Halicystis in the light of these considerations. 
As Fig.  1 clearly shows, changing the external pH between 7.0  and 9.2 
has  little  or  no  effect on  the  rate  of volume increase,  and  therefore of 46  KINETICS  OF  PENETRATION.  XX 
uptake of electrolyte.  The  wave-like form of the  curves associated with 
daylight  and  darkness,  which  was  demonstrated  in  a  previous  paper, ~ 
is not very obvious in the present curves owing to the small scale used, and 
in any case,  since each exposure to sea water of one pH lasted 2  days or 
more, when we compare the effects of different pH's the effects of the natu- 
ral  succession  of  daylight  and  darkness  may  be  considered  as  equal  in 
each case, and need not be considered especially. 
Changes in pH cannot be expected to have any effect on either D or S, 
or the  gradient  term  [MX1]eop if X1 is  the  anion  of a  strong  electrolyte. 
For example, in the case of Halicystis,  where most of the electrolyte in the 
cell is sodium chloride, M  may be sodium and if X~ is chloride ion, we have 
[NaCl],o~  =  [NaCl]o~ =  [NaCl]o 
which is proportional to [Na]o [Clio.  Here op is an unstirred layer  in the 
sea water adjacent to a similar unstirred layer, po, in the protoplasm 
(the thin regions in these layers,  where the solutes  are in equilibrium across 
the interface,  are epo and eop),  and o refers  to the main mass of sea water.  6 
Obviously none of these values will be affected by changes in the pH  of 
the sea water. 
But if X~ is the anion of a weak acid elaborated by the protoplasm the 
rate of entrance of sodium might be increased by increasing the pH of the 
sea water, but this  would not be inevitable.  Thus an increase in rate,  such 
as we observe for the entrance of ammonia into Valonia when the external 
pH was raised, ~ may be good evidence in favor of the view that a  reaction 
with a  weak acid precedes the entrance  of a  base, but the  failure  of the 
rate to respond to pH changes is not definite evidence against this mecha- 
nism. 
The amount of MX which can be formed depends on the amount of I-LY 
which is available and if at one pH practically all the HX has been converted 
to MX, raising the external pH may have only a  slight effect in increasing 
the amount of MX.  ~ 
Jacques, A. G., J. Gen. Physiol., 1938-39, 9.2, 757. 
e In this we assume that there is no appreciable gradient of concentration of  [Na] 
[C1] or [NaCI] between the main mass of the sea water and the layer of sea  water  ad- 
jacent to the protoplasm since all these constituents arc abundant in the sea water and 
also because their removal by diffusion through  the protoplasm must  be very  slow 
compared with the rate at which they can be renewed by diffusion from outside.  How- 
ever, as pointed out previously, [Na]o [C1]o <  [Na]~ [C1]~ (where i  refers to  the sap) in 
the case of ttalicystis.  Hence if sodium is to enter as NaC1 it will be necessary for the 
cell to supply energy. 
70sterhout, W. J. V., Proc. Nat. Acad. So., 1935, 21, 125. A.  G.  JACQUES  47 
As we have seen in former papers, when XI is the anion of a  weak acid 
HX elaborated by the protoplasm,  equation  (2) with certain  assumptions 
assumes the  form 
d_MM = k~,. DuX {[Mlo[OHlo[HX].w  -  [MI,[0Hk[HX].~d  dZ 
where  k~,. s  is  a  collection  of  constants  including  activity  and  partition 
coefficients (the corresponding constants are assumed to be equal in sap and 
sea water).  The actual values in every case are unknown.  Now if [OH]o 
(or  (OH)o, which is the pH) is increased we should expect the rate to in- 
crease provided that  [HX],vo does not simultaneously decrease in the same 
ratio. 
For convenience we assume that HX is being elaborated at a uniform rate 
throughout  the  non-aqueous  protoplasm  and  the  diagram  below  shows 
schematically how it and its ion X may be distributed in the system. 
Sea water (o)  eop  epo  epi  dp  sap 
[HXlo <--  [HX].o~ +--  [HXl.po *-----  [HX].~ +--  [HX],~ ~  [HXI~ 
[NaX]o <-- [NaX].o, ~  [NaX].,o -----} [NaX].,~ ~  [NaX],, --* [NaXh 
Now we may suppose that after a certain time (which may be very short) 
during  which  conditions  (external  pH,  temperature,  etc.)  have  remained 
constant, a steady state is reached in which the losses of HX at each inter- 
face are just balanced by the  gains  so that  [HX]~vo and  [HX],p,  remain 
constant  though  not  necessarily  equal2  It  should  be noted  that  in  the 
steady state there may be little or no movement of HX and NaX from the 
epi layer to the sap, for the reason that the sap is limited in volume and 
even  in  the  impaled  cell  it  is  increasing  slowly.  Hence if  the  partition 
coefficients are large, as may well be the case, only a little of the HX and 
NaX in the eip layer will need to move into the sap to  keep the concentra- 
tion  at  equilibrium.  On  the  other  hand,  the  sea water  is  unlimited  in 
volume and hence there will be a  steady diffusion of  HX  and  NaX  from 
eo~ to o. 
Granting that the rate of I-IX production remains constant it will be clear 
8 For the exact significance of kcon. which is not needed here reference may be made 
to a recent paper (Jacques, A. G., ]. Gen. Physiol., 1938-39, 9.2, 147). 
9 This is the assumption we have made in former papers and in fact in the case of 
ammonia entrance we found it possible to obtain  a "permeability  constant" from an 
equation similar to (2) on the assumption that [HX]¢¢ --~ 7[HX]~. 48  KINETICS  OF  PENETRATION.  XX 
from the results which follow that the effect of pH change will depend largely 
on the pK' value of HX. 
This may be illustrated by putting sets of hypothetical figures into the 
scheme just given.  For simplicity we have made the following assump- 
tions: 
(a)  HX and NaX have equal diffusion constants in the protoplasm, and 
different  (probably  much greater)  but  equal  diffusion coefficients in  the 
aqueous phases. 
(b)  S ~x and S Nax are high, say 1000, and equal. 
(c)  The pH's of the eop and dp layers are regulated by relatively high 
concentrations of other buffer salts than NaY so that in these layers the 
hydrolysis of NaX has little effect on the pH which is approximately equal 
to that of the bulk of the sea water and sap respectively.  The pH of the 
sap is assumed to be 5.2 (a little low but suitable for purposes of illustration). 
The numerical schemes in Table I  are divided into three pairs and com- 
parisons of rate are to be made only between members of a pair.  In the 
first pair (A) the pK  ~ of HX is assumed to be 10.2, in the second pair (B) 
5.2,  and in the third pair  (C) 8.2.  The external pH's are assumed to be 
8.2 and 9.2.  We have no idea of the actual concentrations of HX and NaX 
but the concentration terms are assumed to be millimolar. 
The figures have been chosen so that the total concentration of species 
containing X  at the epo-eop  interface is about  100  millimolar and at the 
epi-eip  interface 101  millimolar.  The relation between HX  and NaX  is 
taken  to  be  that  calculated  by  the  Henderson-Hasselbalch  equation.  1° 
The undissociated portion is called for convenience HX and the dissociated 
portion  NaX. 
Now in every case, as the figures are chosen, the gradient which causes 
HX to move from epi to epo is about 1 unit greater than the gradient caus- 
ing the diffusion of NaX from epa to epi.  Thus in a unit of time (the same 
for the members of each group, but different for different groups) the epi 
layer loses 1 millimole of X  by diffusion, but the steady state is preserved 
if, as we assume, in the same unit of time 1 millimole of new HX is produced 
at epi by the protoplasm.  At the epo layer, 1 millimole of X  is gained by 
diffusion in the protoplasm and concurrently it gains  1 millimole by new 
manufacture.  But  the  steady  state  is  preserved  by  the  diffusion  of  2 
millimoles to the sea water. 
Assuming that the rate of diffusion of NaX is proportionate to NaX,po  - 
10 With very slight modification so as to avoid too many fractional values.  Thus 
in the first set of figures  given for epo the ratio of HX to NaX should be (at pH 8.2 when 
pK' =  10.2) 100 to 1 not 99 to 1, but the difference is negligible. A,  c,  jAeQu g  49 
NaX.p~ these calculations show quite dearly that  with a  high pK'  value the 
changing pH  of the sap may have an effect on the rate of entrance of NaX 
nearly equal to the change in OH activity. 
TABLE  I 
Hypothetical concentrations of I-I__X and NaX  in the outside protoplasmic surface 
layer (epo) and the unstirred laye] of sea water (eop) just outside this and in equilibrium 
with it: also in the inside protoplasmic surface layer (epi) and the unstirred layer of 
sap (eip) just inside this and in equilibrium with it. 
The ratio HX  -  NaX depends on the pK  ~ and the pH; when these are equal the 
ratio becomes unity. 
pH ................ 
Concn, HX ......... 
~Concn. NaX  ....... 
A 
pK'  ~ Concn. HX 
10.2/pH 
/ 
~Concn. NaX  ....... 
'pH ............... 
Concn. I-IX  ........ 
B 
pK' 5.2 
Concn. NaX  ....... 
pit ............... 
Concn. HX ........ 
L  Concn. NaX ....... 
C 
pK' 8.2 
Sea water] 
J  (°)  I  eop  c~o  e~ 
8.2  8.2 
"~0  0.099  99  101 
~-,~0  0.001  1  0.00101 
9.2  9.2 
~'~0  0.090  90  i01 
~0  0.010  10  0.00101 
8.2  8.2 
0.0001  .1  50.5 
,~0  0.0999  ~  .9  5015 
9.2  9.2 
~0  0.00001  .01  50.5 
~0  0.09999  ~  .99  50.5 
I 
pH ............... 
Conch. HX  ........  101 
~Concn. NaX  .......  0.101 
t 
pIt ............... 
Conch. I-IX  ........  101 
~Concn. NaX  .......  0.101 
5.2 
0.0101 
;T 
0.00(O101 
5.2 
0.0101 
H 
0.00000101 
5.2 
0.0505 
0.0505 
5.2 
0.0505 
,T 
0.0505 
5.2 
0.0101 
0.000101 
5.2 
0.0101 
0.o00101 
Sap (1) 
5.2 
0.0101 
0.00(~101 
5.2 
0.0101 
*T 
0.00000101 
5.2 
0.0505 
;T 
0.0505 
5.2 
0.0505 
H 
0.0505 
5.2 
0.0101 
0.000101 
5.2 
0.0101 
0.000101 
On the other hand  when pK' is low there may  be little or no observable 
difference in rate.  For example, with pK'  =  5.2  we find that  at pH  8.2 
the  concentration  gradient NaX,~o  -  NaX,~  ---  99.9  -  50.5  =  49.4  and 
at pH 9.2 it is 99.99  -  50.5  =  49.49.  Hence the rate of entrance of sodium 
would be practically the same at pH  8.2 and 9.2. ~0  KINETICS 01~ PENETRATION.  X~ 
If the pK' is of the same order as the pH's of the sea water to which the 
cells are subjected there will be a definite change in the rate of NaX diffu- 
sion, but not nearly so great as the change in the OH activity.  Hence even 
if the rate does not respond to pH changes it does not exclude the possibility 
that the Na enters the cell as NaX.  However, HX is probably not one 
but several acids and we should expect that the rate of entrance of some 
molecules would respond to pH changes.  " 
Turning to the effects of light on the rate of gain of water and electrolyte 
we may first compare the curves for cells 1 and 3 of Fig. 2 since both had the 
same treatment and the results in general were the same.  After the pre- 
liminary "healing" period lasting up to 5  days (not shown in the figure) 
each cell was exposed a  few days to dim laboratory light  (inside daylight 
with  the natural  succession of  day and  night)  during which period  the 
volume of the sap increased steadily at a roughly linear rate.  n  Then each 
cell was removed to nearly total darkness and the rate changed more or less 
abruptly and as long as the darkness persisted was lower than before and 
roughly linear.  Each cell was then removed to outside light (on a shaded 
porch).  The  rate  increased more or less  abruptly  and  became  roughly 
linear and about equal to the rate observed at the start in dim light.  There 
was no great difference between dim laboratory light and "daylight," but 
there  was  a  definite  difference between light  and  darkness,  the  rate  of 
volume increase being greater in light. 
Cell 2 was first transferred from dim laboratory light to outside light and 
in this case the rate increased slightly.  Then it was removed to darkness 
and the rate fell rather slowly and eventually became roughly linear and 
somewhat smaller than the rate in dim light, and of course still smaller than 
the rate in outside light. 
Summing up,  the increase of volume  (and presumably the entrance of 
electrolyte) tends to be a linear function of time both in light and in dark- 
ness, but proceeds more rapidly in light.  Between dim light (normal light 
indoors)  and outdoor light  (on a  shaded porch)  there is little  difference. 
In general the rate in light was about twice the rate in darkness. 
Some figures showing the total increase during the experiments may be of 
interest.  In the case of cell 2, the total gain in volume of sap in 12 days 
was about 0.27 cc. which was 117 per cent of the original volume.  Cell 3 
gained 0.19 cc. in 8 days or 59 per cent of the original volume.  There is 
little question that the rate fell off continuously but slowly in the dark. 
Since light increases photosynthesis it probably increases the pH in the 
11 Neglecting the slight deviation from the straight  line associated with daylight 
and darkness (c/. Jacques, A. G., J. Ge•.  Physiol., 1938-39, 22, 757). A.  a.  jACQUeS  31 
layer of sea water adjacent to the protoplasm by removing CO,.  However, 
as we have shown, the rates of entrance of water and of electrolytes do not 
respond to direct changes in the pH of the sea water so that we can scarcely 
explain the increased rate in the light as a  pH effect.  However, if light 
should cause the cell to manufacture HX more rapidly, more NaX could be 
produced irrespective of the relation of pK  t to the pH of the external solu- 
tion.  That is to say the rate of entrance of sodium as NaX could respond 
to  changes in  the  HX  concentration without  necessarily responding  to 
changes in the OH activity of the sea water. 
We may compare this with the idea suggested by recent results with 
Valonia obtained with ammonia accumulation in light and darkness  TM and 
with changes in the external pH, 7 where the rate of entrance of ammonia is 
undoubtedly accelerated by increasing the external pH.  It is also accel- 
erated by light.  Without going into details we may say that calculations 
in the ammonia paper indicated that the permeability constant in the dark 
was about 3 times that in the light, although owing to the higher pH in the 
light the amount of ammonia entering the cell per unit of time was greater. 
But  as  calculated the  constants  contained a  factor c  which  referred  to 
changes in the protoplasm and it was assumed that this was about 3 times 
greater in darkness than in light, and that it represents the concentration 
of  the  acid  HX  at  the  sap-protoplasm  interface.  It  was  also  assumed 
that the HX concentration at the sea water-protoplasm interface (b in the 
previous paper) was also 3 times as great in the dark.  Hence the decrease 
in rate in the dark due to the lower pH was in part offset by the increase in 
HX in the protoplasm.  This might arise either from a more rapid produc- 
tion of HX in the dark, or from a slower rate of loss to the sea water. 
In the case of Halicystis, if sodium enters as NaX, we must assume that 
the acid in question is at a higher concentration in the light. 
SUMMARY 
The rate of entrance of electrolyte and of water into impaled cells of 
Halicystls Osterhoutii is unaffected by raising the pH of the sea water to 
9.2 or lowering it to 7.0.  It is quite possible that sodium enters by com- 
bining with an organic acid HX produced by the protoplasm.  If the pK' 
of this acid is sufficiently low the change in external pH would not produce 
much effect on the rate of entrance of sodium. 
The rate of entrance of electrolytes is affected by light.  In normal light 
(i.e.  natural succession of daylight and darkness)  the rate is about twice 
as great as in darkness. 
12 Jacques, A. G., J. Gen. Physiol., 1938-39, 22, 501. 